INTRODUCTION
Endocrine Disrupting Compounds (EDCs) are a group of hormonally active agents of emerging concern to the regulatory and engineering community, particularly among potable water and wastewater reuse agencies (a primary source for EDCs is municipal wastewater treatment facilities). EDCs are natural and synthetic compounds with the potential to elicit negative effects on endocrine systems of humans and wildlife by either stimulating or inhibiting normal hormonal activity. A wide range of chemical compounds have been identified that induce estrogen-like responses, including natural and synthetic hormones, pharmaceuticals, pesticides, industrial chemicals, and heavy metals (NRC, 1999; Giesy et al., 2002) . The U.S. Environmental Protection Agency (US EPA) defines an EDC as:
an exogenous agent that interferes with the synthesis, secretion, transport, binding, action, or elimination of natural hormones in the body that are responsible for the maintenance of homeostasis, reproduction, development, and/or behavior. (US EPA, 1997) This broad class of chemicals includes both natural and synthetic estrogens (e.g., xenoestrogens and pseudoestrogens). Specific examples of estrogenic EDCs include: pesticides like atrazine, dieldrin, and toxaphene (Hayes et al., 2002; Ramamoorthy et al., 1997; Arnold et al. 1996a ); surfactants such as alkyphenol ethoxylates and their metabolic products (Folmar et al., 2002; Legler et al., 2002a; Ying et al., 2002) ; natural hormones and pharmaceutical estrogens such as 17b-estradiol and 17a-ethynylestradiol (Legler et al., 2002a; Folmar et al., 2000) ; phytoestrogens including isoflavonoids and coumestrol (Bacaloni et al., 2005; Stopper et al., 2005) ; and other industrial compounds like PCBs, bisphenol A, and chlorinated dibenzodioxins (Howdeshell et al., 1999; Ramamoorthy et al., 1997; Mocarelli et al., 1996) .
A variety of these compounds have been detected in the environment, with over 60 compounds currently identified (e.g., Kolpin et al., 2002 , NRC, 1999 . Given that many of the EDCs identified have the potential to cause an estrogenic response at very low concentrations (parts per billion to parts per trillion) it is cause for concern that measurable concentrations of many of the EDCs mentioned above have been found in wastewater, surface waters, sediments, groundwater, and even drinking water Benfenati et al., 2003 , Petrovic et al., 2003 Snyder et al., 2003) . Wastewater treatment plants have been studied as a major source for EDCs (Westerhoff et al., 2005; Snyder et al., 2003; Kolpin et al., 2002; Legler et al., 2002a) . Various compounds have been reported to have endocrine-disrupting effects on fish and wildlife, as detailed elsewhere (Johnson et al., 1998; Fry, 1995; Guillette et al., 1994; McLachlan, 1985; Fry and Toone, 1981; Colborn et al., 1993) . At the same time, human exposure to EDCs is a critical concern with unknown long-term impacts. There is concern with regard to potential human health effects of EDCs because of their environmental persistence, tendency to accumulate in adipose tissue, and potential for additive toxicity when multiple EDCs are present.
In light of these serious potential impacts to receptor populations, the US EPA continues to compile, evaluate, and update the current state of knowledge on EDCs and has initiated an EDC screening program (http://www.epa.gov/scipoly/oscpendo/index.htm). Recent advances in analytical chemistry (in particular, liquid chromatography/tandem mass spectrometry, or LC/MS/MS) as well as widespread interest in EDCs has promoted the development of advanced analytical methods, including gas chromatography/tandem mass spectrometry (GC/MS/MS) and LC/MS/MS (e.g., Ternes et al., 2004; Petrovic et al., 2002; Huang and Sedlak, 2001; Petrovic and Barceló, 2000; Fan et al., 2005; Heisterkamp et al., 2004; Zhang et al., 2004; Wozei, 2004) . These analytical techniques provide excellent sensitivity and precision for monitoring EDCs. Although concentration measurements are necessary in studies of EDC fate and transport in the environment, they do not provide direct data on estrogenic effects or synergistic effects from multiple EDCs. Furthermore, since these advanced techniques target specific EDCs, the target compounds must be EDCs that have already been identified. Therefore, as a complement to highly sensitive and specific chemical analysis of known EDCs, bioassays are needed to characterize total estrogenic potency in environmental samples.
WATER RECYCLING AND GROUNDWATER QUALITY
Water is a limited resource in many regions of the world and recycling of wastewater is an attractive option for enhancing supply. Artificially recharging recycled (reclaimed) wastewater into groundwater aquifers has become an important management strategy for increasing the potable water supply in many regions. Projects designed to treat wastewater to very high purity standards for indirect potable reuse have met with significant public opposition in most areas in the United States. These projects are often labeled "toilet to tap" by project opponents. At the same time, water-recycling projects for non-potable reuse, such as landscape irrigation, that use less rigorously treated water have been widely accepted and implemented. In non-potable reuse projects, wastewater is filtered and disinfected, but many dissolved compounds are not removed. Issues related to contaminants covered by primary and secondary drinking water standards are well understood; however, there are a variety of trace organic compounds, such as pharmaceuticals and EDCs, whose impacts are largely unknown.
SCOPE AND OBJECTIVES
This project was designed to investigate the important but virtually unstudied topic of the subsurface transport and fate of EDCs when treated wastewater is used for landscape irrigation (non-potable water reuse). Although potable water reuse was outside the scope of this project, the investigation clearly has relevance to such water recycling practices.
The target compounds, which are discussed in the following section and include EDCs such as 4-nonylphenol (NP) and 17b-estradiol, were studied not only because of their potential estrogenic effects on receptors but also because they can be useful as tracers of wastewater residue in groundwater. Since the compounds were expected to occur at very low (part per trillion) concentrations in groundwater, highly selective and sensitive analytical techniques had to be developed for their analysis. This project assessed the distributions of these compounds in wastewater effluents and groundwater, and examined their fate in laboratory soil columns simulating the infiltration of treated wastewater into an aquifer (e.g., as could occur during irrigation of a golf course or park with nonpotable treated water). Bioassays were used to determine the estrogenic activity present in effluents and groundwater, and the results were correlated with those from chemical analysis. In vitro assays for estrogenic activity were employed to provide an integrated measure of estrogenic potency of environmental samples without requiring knowledge or measurement of all bioactive compounds in the samples.
For this project, the Las Positas Golf Course (LPGC) in the City of Livermore provided an ideal setting. Since 1978, irrigation of this area with treated wastewater has dominated the overall water budget. For a variety of reasons, a group of 10 monitoring wells were installed to evaluate wastewater impacts on the local groundwater. Additionally, these wells were regularly monitored for tritium ( 3 H). Overall volumes of irrigation water have been recorded along with total flows through the Livermore Water Reclamation Plant (LWRP). The Environmental Protection Department at LLNL has carefully monitored 3 H effluent leaving the laboratory for many years. For two years preceding the initiation of this project, Grayson and Hudson, working with LWRP staff, had demonstrated that these data could be used to accurately calculate the 3 H concentration in the applied irrigation water as a function of time. This was accomplished by performing two carefully monitored tritium releases from LLNL and following the 3 H through the LWRP. Combining these data with our ability to age-date groundwater using the 3 H-3 He agedating technique, it was possible determine both the age and the degree of dilution from other water sources. This information was critical in the evaluation of observed concentrations of trace organic compounds from wastewater.
The project included the following tasks:
1. Develop a conceptual model for Las Positas Golf Course (LPGC) irrigation that integrates existing meteorological, hydrologic, and environmental monitoring data.
2. Develop analytical methods (involving solid-phase extraction and isotope dilution LC/MS/MS) for the specific and sensitive measurement of target EDCs.
3. Develop a bioassay for estrogenic activity for application to effluent and groundwater samples.
4. Perform detailed hydrological evaluation of groundwater taken from LPGC.
5. Characterize the source term for target EDCs in wastewater.
6. Evaluate the utility of EDCs as source tracers for groundwater contamination.
SELECTION OF TARGET COMPOUNDS ALKYLPHENOL ETHOXYLATE METABOLITES
Alkylphenol ethoxylates (APEOs), a class of nonionic surfactants, and their metabolites are the most prominent group of EDCs identified in wastewater and treated wastewater. In particular, nonylphenol ethoxylates (NPEOs) constitute the largest subgroup of the APEOs (encompassing more than 80% of the world market). Municipal wastewater treatment (including biological treatment) tends to result in efficient elimination of the parent APEOs but formation of biologically refractory metabolites including the following: alkylphenol mono-and diethoxylates (i.e., n=1 or 2 in Figure 1 ), alkylphenol carboxylic acids (e.g., NP1EC and NP2EC; Figure 1 ), and 4-nonylphenol (NP; Figure 1) (Ahel et al., 1994) . NP is a metabolite and representative of the APEO (and specifically, NPEO) class of endocrine disruptors (Figure 1 ) that has recently been reported to have a wide distribution in surface waters (Kolpin et al., 2002) and is well documented to be present in effluents of wastewater treatment plants (WWTP) at mg/L concentrations (e.g., Johnson and Sumpter, 2001) . The hormonal and toxicological properties of NP have resulted in the banning of NPEOs for domestic and industrial use in many parts of Europe (Blackburn and Waldock, 1995) .
Considering that tertiary-treated sewage effluent is the source of irrigation water at the LPGC, we considered NP to be among the most likely EDCs to be found in the underlying groundwater. In addition to NP, we also considered that the monocarboxy APEO metabolites known as APEC, which are NP precursors (Figure 1 ), could also be present in groundwater in the irrigated zone. APECs have been observed at considerably (e.g., ten-fold) higher concentrations in WWTP effluents than NP (Johnson and Sumpter, 2001) . Notably, since APECs have carboxyl groups that are likely to be ionized in a groundwater environment at circumneutral pH, they would be expected to be more soluble and mobile in groundwater than NP.
STERIOD ESTROGENS
Estrogenic steroid hormones such as estrone (E 1 ) and 17b-estradiol (E 2 ) ( Figure 1 ) are significant contributors to the total estrogenic activity observed in wastewater (Johnson and Sumpter, 2001 ). In particular, estrone-3-sulfate (E 1 -3S; Figure 1 ) is a sulfonide conjugate of estrone that researchers have suggested may survive sewage treatment systems and be transmitted into receiving waters (Johnson and Sumpter, 2001) . All three of these compounds were considered as wastewater trace components that could potentially be transported into underlying groundwater as a result of prolonged irrigation with treated wastewater.
CAFFEINE
Although not an EDC, caffeine was chosen as a target compound for this study because it is a unique indicator of human waste that has been widely detected in surface waters and groundwater, and its presence in environmental samples has specifically been linked to WWTP effluent (Seiler et al., 1999 and references therein; Kolpin et al., 2002; Standley et al., 2000) . Although it is relatively biodegradable (considerably more so than NP), caffeine is nonetheless observed in the environment near WWTP sources and was thus considered a promising wastewater indicator in this study. 
DESCRIPTION OF STUDY SITE: LAS POSITAS GOLF COURSE (LPGC)
The Las Positas Golf Course (LPGC) in Livermore, California ( Figure 2 ) provides a unique opportunity to investigate the transport and impact of wastewater compounds on groundwater resources. Recycled water has been used since 1978 to provide turf irrigation for the golf course in what is a relatively arid climate. Average yearly precipitation at LPGC is approximately 15" per year and occurs primarily in the winter (Figure 3) . Irrigation is necessary in the summer and approximately 36" per year of recycled water is required to maintain vegetation at the LPGC. 
TRITIUM AS A VALUABLE TRACER AT THE LPGC
Tritium is a radioactive isotope of hydrogen ( 3 H, half-life =12.3 years) that is naturally present in the environment due to interactions of cosmic rays with the atmosphere. Tritium is also present due to man-made sources, most notably nuclear weapons. Nuclear weapons testing in the 1960s increased the tritium concentration in precipitation by more than a factor of 1000 over natural levels in 1963. Tritium has been routinely used at LLNL since the beginning of the laboratory in 1952. While tritium is radioactive, the nuclear decay energy is quite low. Tritium decays by beta emission, that is, an energetic electron is emitted when tritium transforms to stable 3 He. The average electron energy in 7 keV can only penetrate 1 x 10 -6 m of water before stopping. This decay energy is so low that only very sensitive methods can detect its presence.
Because of tritium's low decay energy, this radioactive isotope has found significant use in consumer products. Luminous watch dials and building signs using tritium are quite common. In the course of LLNL's national security mission, tritium has been used in a variety of programs and some tritium is released from the laboratory to the sanitary sewer system. Such releases are regulated and carefully monitored. The typical annual release in recent years equals the amount of tritium contained in one wrist watch. While this is a very low level, methods have been developed at LLNL and other laboratories to detect tritium at extraordinarily low levels.
Since the release of radioactive materials into the environment is a source of community concern, LLNL developed detailed and aggressive environmental monitoring programs to monitor radioactive material releases. It is the combination of the tritium releases combined with detailed monitoring programs that makes the LPGC interesting. It is appropriate to note that the release of trace amounts of tritium is not unique to LLNL. Many large cities have far larger annual tritium releases to their wastewater systems. Again, these releases are carefully regulated, but do not receive the level of monitoring that LLNL has put in place. In the mid 1970s, the city of Livermore began a program to recycle wastewater and use the water to irrigate the LPGC. The U.S. Geological Survey installed several groundwater monitoring wells nearby the LPGC and LLNL and recognized the opportunity to use these wells for tritium monitoring.
The monitoring results show the clear connection between the application of recycled water and the local shallow groundwater. The overall trend in tritium releases from LLNL is decreasing. While the LLNL tritium releases have always been well below regulatory limits, the general goal of programs using tritium at LLNL has been to reduce releases as can be reasonably achieved. We see in Figure 4 a close match between the monitoring wells and the recycled water. As will be discussed, the relationship between the tritium concentration observed in the monitoring wells and the irrigation water is relatively complex, nevertheless, the presence of the tritium tracer provides a clear indication of the connection. 
ISOTOPIC DATA FOR LPGC GROUNDWATER
We have selected five groundwater monitoring wells for detailed analysis of environmental isotopes and wastewater compounds and the well characteristics are provided in Table 1 . Three of these wells (2J2, 2Q1, 11C3) were recently constructed by the local water agency (Alameda County Zone 7) for this project. Table 2 gives sampling dates and water chemistry data for these wells. The major ions for these samples are sodium and chloride as might be expected for groundwater with a significant wastewater component. We examined the isotopic composition of H, C, N, and O to help constrain the relationship between the sampled groundwater and its potential sources; the data are summarized in Table 3 . The stable isotopes of H and O can potentially be used to identify contributions from local precipitation and wastewater from the LWRP. Most of the water used in the Livermore Valley comes from the State Water Project and consists of precipitation that fell in the Sierra Nevada at high altitude. This water is significantly depleted in the heavier stable isotopes of H and O when compared to local precipitation in the Livermore Valley. The isotopic composition is reported in terms of its deviation (in parts per thousand) from a known standard value:
where the standard is Standard Mean Ocean Water (SMOW). In these units, d
18 O is about -7.5 for precipitation and -9.5 for wastewater from the LWRP. The data for O and H stable isotopes is shown in Figure 5 . Evaporation of the applied irrigation water also produces shifts in the H and O isotopic compositions. bgs -below ground surface samples represent a strongly evaporated mixture of wastewater and local precipitation. However, the uncertainties preclude an accurate determination of the mixing ratio of the two water sources. 
HYDROLOGIC MODEL FOR LPGC
We can look at the relationship between the inferred initial 3 H concentration in the groundwater samples as compared to the irrigation water from the LWRP as a function of groundwater age. The 3 H-3 He age is close to the water infiltration age but we need to add time for the passage of the water through the unsaturated zone. For a simple piston model, we estimate a 3.5 years travel time. One additional factor comes from the fact that not all of the water in a given sample has the same infiltration history and thus a distribution of ages exists. If the 3 H concentration were uniform in time, the 3 H-3 He age would equal the mean groundwater age. Since 3 H is decreasing with time, the 3 H-3 He age is slightly greater than the mean water age and we estimate that, for these samples, the 3 H-3 He age is approximately 20% greater than the mean age of the groundwater. While both of these corrections have significant uncertainty, they are small and of opposite direction and the net impact on the ages is small. These results are summarized in Table 5 . We can now compare the inferred 3 H concentrations to that present in the irrigation water ( Figure 6 ). We see that the 3 H concentrations fall between the two sources and we can calculate that fraction of the groundwater due to the LWRP contribution. We calculate that the LWRP contribution ranges from 27 to 67% (Figure 7 ). Our initial estimate of 36" of irrigation water versus 15" of precipitation is easily reconciled with this result when we take evaporation into account. Irrigation water applied in the summer undergoes much greater evaporation than does winter precipitation. This model predicts significant enrichment in nonvolatile dissolved components such as chloride. The LWRP wastewater averages 161 mg/L of Cl -over the period of interest (1975 -2000) . This is a significant environmental source of Cl -that dominates other potential sources for these samples. The recovered groundwater samples show values greater than or equal to the LWRP value for Cl -( Figure 8 ). Thus, we see that even though precipitation accounts for about half of the water, evaporation of the LWRP source more than makes up for this dilution. 1 -Two adjustments are made to the 3H-3He age to convert it to the initial infiltration age. First 3.5 yrs is added to account for travel time in the unsaturated zone. Second a 20% age reduction is applied as an estimated correction between the mean tritium age and the mean water mass age In summary, the recovered groundwater samples for this study were derived from a mixture of wastewater and local precipitation that infiltrated from surface application between about 1980 and 1995. While local precipitation causes some dilution of the wastewater, evaporative enrichment has produced net enrichments of nonvolatile dissolved components such as Cl -. 
0%

EDC TRANSPORT MODEL
Many EDCs, like NP, have moderate to high organic partitioning coefficients (K oc ), so the mass that does not remain soluble often ends up in organic complexes in, or sorbed to, sediments or suspended organic material (Table 6 ). Additional chemical properties of these APEO metabolites reveal that they have low solubility, moderate estrogen equivalency factors, and relatively high critical micelle formation concentrations (except for the long chained ethoxylates). If mobilized, the EDC complexes may move back into the water column or downward toward groundwater. As part the initial feasibility study, first-order modeling and soil column studies were performed to assess the potential for transport of NP through the vadose zone to the groundwater table. The Burn Model was selected as an empirical transport model that can account for preferential flow (Burns, 1975) . In the late 1970s an empirical single-parameter equation was proposed to represent the flow of water and solutes through soils. The Burns Equation was developed primarily to predict one-dimensional nitrate transport in agricultural soils. The original equation was:
(1) where X is the fraction of solute leached beyond depth z, I is the cumulative infiltration, and q is assumed to be the water content at field capacity. The equation, which was developed for uniform soils, was initially formulated to look at both the transport of applied solutes and also the leaching of a resident solute beyond a given soil depth. Although the equation showed promise in heterogeneous soils like shrinking and swelling soils, it was not used often by researchers other than those connected to Burns himself. This is likely due to a few potential theoretical problems resulting in assumptions in the deterministic equation that are physically impossible (Scotter et al., 1993) .
However, Scotter et al. (1993) pointed out that the Burns equation could be used as a stochastic representation of solute transport using the transfer function approach (Jury et al., 1982) . In this case the physical interpretations of the model are irrelevant as long as the equation represents the distribution of solute travel times through isolated stream tubes in the soil. As a transfer function, the model has the special advantage of needing only a single parameter, q, compared to the convection-dispersion equation or the convective lognormal transfer function (Jury and Roth, 1990) , which each require at least two parameters.
As a transfer function the Burns equation is used to predict the transport of a solute as:
or the probability that a solute molecule applied to the surface will appear at depth z after total drainage I. Thus the appropriate form of the equation for a front application or a resident concentration cumulative BTC is:
where C r o is the peak resident concentration. The applicable forms for flux and resident concentration pulses have also been derived by Scotter et al. (1993) . For a resident solute pulse, the Burns Equation is:
and for flux concentrations from resident pulse:
where M is the total mass per unit area and volume respectively. Solute retardation (R) may be included in the flux concentration equation (White et al., 1998) as follows:
A simple linear form of solute retardation may be used: R = 1+r b K d/ q (7) where r b is the soil bulk density and K d the partitioning coefficient between solution and surface complexation of a contaminant (White et al., 1998) . Or for contaminants with a high affinity for organic material a partitioning coefficient for organic carbon may be used: R = 1+r b K oc f oc /q (8) The resulting one-dimensional Burns Model for NP transport, given a log K oc value of 3.97, suggests that the chemical would not reach 3 meters (9.8 ft) in 10 years of rain and irrigation, whereas breakthrough of a conservative tracer occurs within the first year (Figure 9 ). Soil column studies preformed using soils collected for the golf course agreed with the Burns Model with no measurable concentration of NP measurement above the limits of detection. (Table 1) . Depth to water is approximately 20'. Each well was purged three casing volumes prior to sample collection; pH, dissolved oxygen, oxidation reduction potential, conductivity, temperature, and turbidity were measured at each well, and all parameters were stable prior to sample collection. Samples were collected in copper tubes and one-liter pre-cleaned amber IsoChem bottles. Copper tubes were stored at room temperature prior to analysis. Glass bottles were filled directly from the sampling port after triple rinsing each bottle. Bottles were filled to the bottom of the threads for the cap. The samples were stored without preservation at 4 o C prior to extraction. Gloves were worn by the sampler and care was taken to avoid any contact with other liquids or with skin.
For this study, water samples from the LWRP were collected after tertiary treatment (representative of the water used for irrigation of the LPGC). Specifically, this water had passed through primary treatment (solids removal), secondary treatment (activated sludge, or biological, treatment), and secondary clarifiers (solids removal under quiescent conditions). Tertiary treatment included filtration through "sand beds" with anthracite media, UV disinfection, and chlorination with sodium hypochlorite.
Water Table ( 
DEVELOPMENT OF LC/MS/MS METHODS FOR TARGET COMPOUNDS
A 500-mL sample was spiked with appropriate isotopically-labeled internal standards. For nonylphenol, the internal standard employed for quantification was [ring-13 C 6 ]-nnonylphenol (Cambridge Isotope Laboratories, Andover, MA). For the other APEO metabolites studied (AP1EC and AP2EC), the internal standard was 13 C 2 -n-nonylphenoxyacetic acid (custom-synthesized by Cerilliant, Round Rock, TX); this NP1EC analog was used to represent both AP1EC and AP2EC. For the steroid estrogens 17 b-estradiol and estrone, the internal standard employed for quantification was 17b-estradiol 16,17,17-d 3 (ICN, Pointe-Claire, Quebec). Estrone-2,4,16,16-d 4 3-sulfate was the internal standard employed for quantification of estrone 3-sulfate (Cambridge Isotope Laboratories, Inc.). For caffeine, the internal standard used for quantification was caffeine-trimethyl 13 C 3 (Sigma Aldrich, MO).
Samples were pre-concentrated employing solid-phase extraction (SPE)(ENVI-18 disks, Supelco, Bellefonte, PA), followed by elution of the analytes with 10 mL of ultra-pure methanol. This constituted a 50-fold concentration of the analytes. Additionally, for each batch of samples, a 500-mL aliquot of reagent water was spiked with internal standards and extracted simultaneously with the aqueous samples. To improve sensitivity for some target analytes (e.g., 17b-estradiol and estrone), an aliquot of the methanol extract was concentrated (e.g., 10-fold from 2 mL to 200 mL) with a gentle stream of nitrogen gas prior to LC/MS/MS analysis.
A Waters Model 2690 (Waters Corporation, Milford, MA) HPLC (High Performance Liquid Chromatography) instrument with a Nova-Pak C 18 column (150 x 2.1 mm, 4-mm particle size; Waters Corporation) was used for chromatographic separation of analytes. The sample injection volume was 25 mL. The mobile phase typically consisted of methanol:reagent water mixtures, with the flow rates ranging from 100-200 mL/min, depending on the analyte of interest. In some cases, chromatographic optimization studies revealed that methanol:water mixtures were not sufficient for good chromatographic separation or retention. For example, chromatographic separation of estrone 3-sulfate was achieved with a 40:60 mixture of methanol and 5 mM ammonium acetate (in 90% water:10% methanol) and chromatographic separation of APECs was achieved with a 65:35 mixture of those two eluents.
A triple quadrupole mass spectrometer -Quattro LC™ (Micromass, Manchester, UK) -was employed for mass determination and quantification. Operating conditions included a nitrogen flow rate of 75 L/hr for the nebulizer and a flow rate of 350 L/hr during desolvation. Ion source temperatures were 80 o C for the source block and 300 o C for desolvation. Compoundspecific optimization of MS and MS/MS parameters (e.g., sample cone voltage, capillary voltage, collision energy) for method development involved infusions of standards (typically 10 mL/min for a 200 mg/L standard) and acquisition in full-scan mode or daughter ion mode. Optimized parameters are listed in Table 7 . Isotope dilution quantification (with compoundspecific corrections for internal standard recovery) was performed in selected reaction monitoring mode for all analytes. Representative calibration curves for target analytes in this study are presented in Figures 10-13 . e Nonylphenoxyethoxyacetic acid (Figure 1 ), a metabolite of alkylphenol ethoxylates; the internal standard for NP1EC was also used for NP2EC.
f The internal standard for 17b-estradiol was also used for estrone. 
LC/MS/MS RESULTS
LWRP EFFLUENT (IRRIGATION WATER) RESULTS
Concentrations of NP, AP1EC, AP2EC, and caffeine in tertiary-treated effluent samples collected from the LWRP between 2002 and 2004 are given in Table 8 . For NP, concentrations averaged 3 mg/L and consistently fell between 2 and 4 mg/L. These concentrations agree well with data reported for treated effluent from other WWTPs (e.g., Johnson and Sumpter, 2001 and references therein). A typical LC/MS/MS chromatogram of NP in a LWRP effluent sample (Figure 14) illustrates the very high signal:noise ratios observed in these samples. Analytical recovery of the labeled NP internal standard was considerably lower than typically observed with groundwater samples (e.g., Table 9 ) and method blanks. Thus, it is likely that the lower "recovery" resulted from signal suppression from the complex effluent matrix rather than loss of NP during sample treatment. Concentrations of AP1EC and AP2EC are reported only for the period when internal standard quantification was possible (i.e., after the custom synthesis of the labeled AP1EC internal standard was completed). The overall average concentrations of 18 mg/L for AP1EC and 61 mg/L for AP2EC are well within the range of values reported previously for treated WWTP effluents (e.g., Field and Reed, 1996) . The APEC results also agree qualitatively with published data from other WWTPs (Field and Reed, 1996) in the sense that AP2EC concentrations were consistently greater than AP1EC concentrations (for this study, by an average factor of 3 to 4 and in other studies by a factor of 3 to 14). Analytical recoveries of the labeled AP1EC internal standard were considerably higher than for NP, which may be explained by the different eluent and higher mass range used for APEC analysis. Caffeine, which is not an EDC but does have value as a wastewater indicator compound, was only measured for this study in July 2003. The concentration, near 0.5 mg/L, is in the range of values reported for other WWTP effluents (Seiler et al., 1999; Buerge et al., 2003 and references therein).
The following compounds were not observed in LWRP samples:
• Estrone 3-sulfate was not detected in LWRP samples (grab and composite) collected in July 2003 despite detection limits on the order of 0.5 ng/L (the extract was concentrated 10-fold more than for other analytes) and satisfactory analytical recovery of the labeled internal standard (23 to 72% recovery).
• Semi-quantitative results indicate that collected LWRP effluent and groundwater samples did not contain 17b-estradiol or estrone at detectable concentration levels (i.e., above 5 ng/L). Extraction method blank samples had satisfactory surrogate standard recoveries and did not contain detectable levels of these compounds. Notably, surrogate standard recoveries in LWRP effluent and groundwater samples for the isotopically labeled 17b-estradiol standard were low (<10%). The total dissolved solids content in LWRP effluent and groundwater samples was relatively high, and may have contributed to the low surrogate recoveries (i.e., electrospray ion suppression). As described previously, to improve sensitivity for 17b-estradiol and estrone in samples, an aliquot of the methanol extract was concentrated (e.g., 10-fold) prior to LC/MS/MS analysis; analysis of methanol extracts that had not been concentrated also showed poor surrogate recoveries. Furthermore, standard addition experiments were conducted with the concentrated groundwater extracts, and percent recoveries remained low. 
LPGC GROUNDWATER RESULTS
Concentrations of NP, AP1EC, AP2EC, and caffeine in groundwater samples collected from the LPGC area between 2002 and 2004 are compiled in Table 9 . Note that concentrations in Table 9 are given in ng/L, whereas those in Table 8 Table 8 ). It was eventually determined that the downhole pump was a source of NP contamination for groundwater samples; this was even the case when the well was purged with the pump but sampled with a Teflon bailer. In March 2004, when a new groundwater pumping system was implemented that included Teflon tubing, NP was no longer detectable in groundwater samples (< 11 ng/L; Table 9 ). Notably, analytical recoveries of the NP internal standard were favorable in these samples (62-90%; Table 9 ), demonstrating that the lack of NP detection was not due to inefficient extraction. Although NP was detected in a later sampling with the improved sampling equipment (June 2004), concentrations were below the concentration in a method blank processed in parallel with the samples; thus, these detections cannot be considered valid. These results indicate that NP concentrations in groundwater were at least 270-fold lower than those in the irrigation water (i.e., LWRP effluent). AP1EC and AP2EC were occasionally detected in groundwater samples, but at concentrations of less than 200 ng/L. An LC/MS/MS chromatogram of APECs in a groundwater sample (Figure 15 ) illustrates that these peaks could be easily distinguished from background in this matrix. The maximum detected concentrations of AP1EC and AP2EC in groundwater occurred in wells 2J2 and 2R1 and were ~130-fold and 360-fold lower, respectively, than the average concentrations in irrigation water. Unlike the qualitative trends observed in the LWRP effluent samples, AP2EC concentrations were not consistently higher than AP1EC concentrations in groundwater samples. Caffeine was not detected in groundwater at a detection limit that was ~100-fold lower than the average concentration in the irrigation water. Estrone 3-sulfate (data not shown) was not detected in three groundwater samples collected in July 2002 despite high analytical recovery (86 to 103%).
Overall, concentrations of NP, AP1EC, AP2EC, and caffeine were from ~130-to 360-fold lower in groundwater than in irrigation water (i.e., LWRP effluent). Since hydrological modeling indicates that irrigation water was diluted only 33 to 73% with local precipitation in the aquifer, attenuation of these compounds during transport through the vadose zone and saturated zone (e.g., by sorption for the APEO metabolites and by biodegradation for caffeine) must have been very substantial. Sorption of NP is not surprising considering its highly hydrophobic nature (e.g., Table 6, Figure 9 ). 
BIOASSAY FOR ESTROGENIC ACTIVITY
In vitro assays for estrogenic activity provide an integrated measure of estrogenic potency of environmental samples without requiring knowledge of all bioactive compounds in the samples. Chemical analysis of all known estrogenic compounds would be extremely costly and time-consuming. In addition, unknown estrogenic compounds may be present. Several different bioassays have been developed and have been tested for application to wastewater and surface water (Zacharewski, 1997; Murk et al., 2002) including cell proliferation assays (Soto et al., 1995) , and reporter gene approaches including yeast-based screens (Routledge et al., 1996) and human cell line screens (Legler et al., 1999) . Based on our initial investigation of available bioassays, we focused on a system using a human breast cancer cell line (MCF-7) including a dual-luciferase assay (Promega) for application to the target compounds and groundwater samples. We performed a quantitative assessment of the bioassay including analysis of reproducibility, detection limit, and response range. After bioassay optimization for the environmental matrices, we applied the assay to both LPGC groundwater and LWRP effluent. Estrogenic potencies from the bioassay were subsequently correlated with chemical data obtained as described previously.
The reporter bioassay system employed is based on an estrogen-responsive luciferase reporter system. The human epithelial breast cancer cell line MCF-7 was used as a host. MCF-7 cells contain endogenous estrogen receptors and have been well characterized in terms of their response to estrogenic stimuli. The cells were transfected with a plasmid containing an estrogenresponsive reporter construct with three estrogen-responsive elements (EREs) upstream of the luciferase reporter gene (EREx3-Luc; Figure 16 ). This plasmid was co-transfected with a commercially available control Renilla reporter plasmid (pRL-TK, Promega) to monitor the transfection efficiency and to normalize the luciferase activity.
MCF7 cells (purchased from the American Type Culture Collection, or ATCC) were maintained in DMEM medium containing 10% fetal bovine serum (FBS), 2 mM glutamine and 1 mg/mL insulin. MCF7 cells were plated in 6-well trays at 2x10 6 cells/well in phenol red-free DMEM medium containing 10% charcoal-stripped FBS and insulin (CS-DMEM) and incubated at 37 o C for 24 h. Experimental variability was significantly reduced by transfecting cells in larger batches and subsequently splitting cells after trypsinization. Immediately before transfection, the medium was changed to 2 mL of phenol red-free Opti-MEM (Invitrogen) with reduced serum. Transfection was performed using Lipofactamine 2000 (Invitrogen) with EREx3-luc (5µg/well) and Renilla control plasmids (5µg/well) per the manufacturer's instructions. The cells were exposed to the plasmids for 24 h.
The transfected cells were trypsinized and plated in a 96-well tray at 2x10 4 cells/well, and incubated at 37 o C for 6 h. The cells were treated with 17 b-estradiol (E 2 ) as a positive control or NP at various concentrations in ethanol at 2 µL. The same volume of ethanol was used as a control. For water samples, 5 mL of CS-DMEM was lyophilized and the water sample was used to reconstitute the medium. LWRP water containing chlorine (residue from disinfection) was pre-treated by purging with N 2 for 15 min or by addition of 20 mM sodium thiosulfate, which reduces chlorine to chloride ions. Cells were suspended in reconstituted medium and 200 µL of cells were plated in each well of the 96-well tray. Each treatment had eight replicate wells. The cells were incubated with E 2 , NP, or ethanol in the reconstituted medium at 37 o C for 18 h and luciferase and Renilla activity were determined on a luminometer using a dual luciferase/Renilla reporter assay kit (Promega) according to the manufacturer's instructions. Luciferase activity was normalized to the Renilla controls and expressed as fold induction relative to the untreated (ethanol) control. Luciferase activity in the water samples was compared to 17 b-estradiol or NP, which were standards for the estrogen-responsive luciferase assays. 
ESTROGENIC BIOASSAY RESULTS
Bioassay dose-response curves for E 2 and NP are shown in Figure 17 A and B, respectively. The values represent the fold increase in luminescence response (fold-induction) relative to the control without estrogenic compounds (which is set at 1). There is some irregular behavior in the dose-response curve although in general the fold-induction increases for increasing concentrations of E 2 and NP. The results for the estrogenic bioassay applied to both LPGC groundwater (wells 1P2 and 2J3) and LWRP effluent are shown in Figure 18 . For the LWRP effluent samples, the level of fold-induction of luciferase was significantly higher than for the control (ca. 2.4-fold higher). Although NP concentration data were not obtained from the assayed samples due to inadequate sample volumes, the LWRP samples typically contain from 0.01-0.023 mM NP (3 mg/L on average; Table 8 ). The estrogenic response to LWRP samples exceeds that which would be due to the NP in the sample (ca. 1.4 fold induction for 0.023 mM NP), suggesting that other estrogenic compounds are present in the LWRP effluent. In contrast, the groundwater samples did not show a significant increase in luciferase activity relative to the control, which was consistent with analytical data showing no detectable NP or steroid estrogens in the groundwater samples. Although not statistically significant, the trend in slightly greater luciferase activity in the groundwater samples may be due to the presence of other unknown estrogenic compounds. Removal of chlorine by purging with N 2 or pre-treating with thiosulfate increased the luciferase activity of the LWRP effluent, suggesting that chlorine (or related byproducts) reduce the cellular response to EDCs. The effect is likely due to cell toxicity (Lu et al., 2002) rather than any effect at the gene expression level. Apparently, the amount of thiosulfate added was not sufficient to neutralize the effect of chlorine in the LWRP sample. The LWRP samples that were 50% diluted showed roughly 50% of the luciferase activity of the undiluted samples, indicating that the assay accurately measures changes in estrogenic compound concentrations. Figure 18 . Estrogenic bioassay results for LWRP wastewater effluent and groundwater samples (1P2 and 2J3). LWRP effluent was treated to remove chlorine either by purging or addition of thiosulfate (TS). The UV outlet sample had no chlorine added. Dilutions (dil.) were 1:1 with medium.
CONCLUSIONS AND SIGNIFICANCE
• The Las Positas Golf Course in Livermore, CA is a hydrologically well-characterized site for studying the long-term occurrence, transport, and fate of EDCs originating from treated wastewater.
• Highly specific and sensitive analytical methods involving SPE and isotope dilution LC/MS/MS were successfully developed for a range of target compounds including NP, AP1EC, AP2EC, 17b-estradiol, estrone, estrone 3-sulfate, and caffeine.
• Extraordinary precautions must be taken to avoid NP contamination artifacts during groundwater sampling. • NP was not detected in LPGC groundwater (detection limit, 11 ng/L) despite average concentrations of 3000 ng/L in the irrigation water (i.e., LWRP tertiary-treated effluent); these results cannot be explained by low analytical recovery in groundwater samples, since recoveries were from 62 to 90% for the labeled NP internal standard. Maximum concentrations of the APEO metabolites AP1EC and AP2EC in LPGC groundwater were from 130-to 360-fold lower than in irrigation water. Since hydrological modeling indicates that irrigation water was diluted only 33 to 73% with local precipitation in the aquifer, attenuation of these compounds during transport through the vadose zone and saturated zone (e.g., by sorption of the APEO metabolites) must have been very substantial. High sorptive attenuation of NP is consistent with laboratory column studies and modeling conducted for this project.
• The estrogenic bioassay showed a significant response to the LWRP samples that contained approximately 3 mg/L NP. No significant luciferase response was noted for cells exposed to LPGC groundwater, which was consistent with analytical data showing no detectable NP or steroid estrogens in the groundwater samples.
• To our knowledge, this is the first study of the subsurface transport of EDCs as a result of landscape irrigation with treated wastewater.
